Introduction
Research concerning the interaction and electron exchange between redox-enzymes and an electrode interface has recently attracted increasing attention. [1] [2] [3] It is of great importance for studying the electron transfer of biological macromolecules at a bionics interface, and then investigating the bio-reaction by modelling the intra-biomolecular and inter-biomolecular (for example, protein to protein) efficient, selective electron transfer, which can help us to understand the material metaboly and energy transform in the life process.
Unfortunately, the enzymes usually all have big and complicated structures, and redox centers are deeply inlaid in the body; hence, it is difficult for the enzymes to exchange electrons with the electrode surface directly. 4 Although some groups have employed mediators to impose electron contact between the redox enzymes and electrodes, 5, 6 direct electron transfer is more attractive because it could help us not only to understand the intrinsic redox behaviors of enzymes, but also to develop the mediatorless biosensors. 7, 8 Various methods have been used to achieve this goal: modifying the electrode surface with promoters, 9 modifying the redox protein with electron replay, 10 immobilizing the enzyme in redox polymer matrixes 11 and adsorbing the enzyme on an electrode surface, 12 for example. Some groups studied the electrochemical response of adsorbing glucose oxidase (GOD) at some specially treated electrodes, for example gold, 13 anodized GC 14 and graphite 15 electrodes; the results show that GOD undergoes direct electron transfer at these electrodes.
As we have known, carbon nanotube (CNT) is a novel carbon material discovered by Iijima in 1991. 16 It has been found to have excellent electrode performance. 17 In this paper, the direct electron transfer of GOD adsorbed onto a carbon nanotube powder microelectrode (CNTPME) developed by us is reported. 18 It was found that GOD had a very reversible redox process at CNT. This could be due to a direct electron exchange between GOD and CNT; this method offers a convenient way to learn about the kinetics and thermodynamics of enzymes.
Experimental

Reagents
Carbon nanotubes were prepared by the catalytic chemical vapor deposition (CVD) of methane. A Co/MgO catalyst for the production of CNTs was prepared by a citric method. 19 For the CVD process, 100 mg of the catalyst was placed in a quartz tube mounted in a tube furnace. The whole tube was pumped down for 15 min and N2 was let into the tube. N2 flow was maintained as the furnace was heated to 850 -1000˚C. The N2 flow was then replaced by methane (99.5% pure) at a flow rate of 100 to 500 ml/min at atmospheric pressure. Subsequently, the methane flow lasted for 10 to 90 min, and was replaced by N2 for 5 min, and then annealed at 900˚C for 1 h before being cooled down. The yield of CNTs was 100 -300%/catalyst weight.
The catalyst was removed by dissolving in concentrated nitric acid, and then washed 5 times with DI water. The obtained CNTs may contain some -OH and -COOH groups on the surface. 20 To remove these groups, the CNTs were annealed at 900˚C for 3 h in a vacuum. The SEM image shows that the CNTs are very pure, containing no amorphous particles. The TEM image indicated that the CNTs were multiwalled CNTs.
GOD (EC 1.1.3.4, Type VII, from Aspergillus niger) was purchased from Sigma. All other chemicals were purchased from Aldrich. Millipore water was used for preparing all of the solutions.
Fabrication of CNTPME
The CNTPMEs were fabricated according to a previous procedure. 18 In brief, a 76 µm diameter Pt micro electrode was first chemically etched to form a cavity tens of mm deep; the etched tip was then ground on a flat plate (such as glass slide) with CNTs until the micro cavity was filled with CNTs.
Then 1 mg CNT powder was mixed with 200 µl of a 0.1 M PBS solution containing 1 µg µl -1 of GOD; the mixture was dried at 1˚C. The modified CNT powder was used to fabricate a GOD-modified CNTPME (GOD-CNTPME) according to the same method. The compared electrode, GOD-modified GC electrodes (GOD-GC), were fabricated by drying solution drops of GOD on the GC surface.
Electrochemistry measurement
A three-electrode cell was used in the measurement: GOD- Figure 1 shows the direct electron transfer of GOD adsorbed on CNTPME. A pair of reversible redox peaks emerge between -0.7 V and -0.6 V at GOD-CNTPME (curve d) compared with an unmodified CNTPME (curve c). The formal potential (E˚′) is around -0.659 V and the peak potential separation (∆Ep) is 27 mV (Epa = -0.646 V, Epc = -0.673 V for scan rate of 10 mV s -1 ), indicating that the redox is nearly reversible. However, no welldefined redox peaks of GOD appear at GOD-GC (curve b) compared with bare GC (curve a), indicating that CNT has a unique ability for GOD direct electron transfer. A carbon nanotube has been found to have a better electrode performance for electrochemical research than conventional carbon materials. 17 Ajayan and his co-operators used an ab initio density-functional-theory calculation and molecular-dynamics simulations to study the microscopic mechanism of electron transfer on nanotubes. 21 They found that the improved activation behavior of oxygen reduction resulted from the dimensionality presence of topological defects in the lattices, which provided a higher local electron density. This and the special nano-structure stand a good chance to result in direct electron transfer at CNT, not at GC. Figure 2 demonstrates the CV curves of GOD redox at various scan rates. It can be seen that the peak currents increase along with the raising of scan rate, while ∆Ep expands slowly. At a low scan rate, the cathodic peak current increases linearly with the scan rate (ν), not with ν 1/2 , indicating that the redox reaction is a surface process. The slope of the straight line (r = 0.9993) of Ipc vs. ν is 1.05 × 10 -6 A·V·s.
Results and Discussion
It is well known that the GOD redox involves FAD in it:
GOD-FAD + 2e + 2H + → GOD-FADH2.
In order to obtain the kinetic parameters of GOD redox at CNT, the scan rate was increased. It was found when the scan rate was above 0.4 V s -1 , ∆Ep was more than 100 mV. Figure 3 shows Ep versus the logarithm of the scan rate; it is clear that the peak potential depends linearly on log ν at a high scan rate.
For a redox monolayer modified electrode, the peak potentials can be represented by 22, 23 Epc = E˚′ -log ,
and m = ·
The transfer coefficient (α), can be calculated according to the slopes of the anodic process (curve a) and the cathodic process (curve b); the result is 0.47. According to the above equations, it can be obtained that
According to ∆Ep ∼ log ν (as shown by the insert in Fig. 3 ), the heterogeneous electron transfer rate constant (k) of GOD can be calculated as 1.61 ± 0.03 s -1 , which is very close to the result obtained by Chi. 14 Degani and Heller 24 had proved that although 2 M urea can denature the GOD molecule reversibly, 6 M urea can result in acute destruction of the structure; even FAD groups can be detached from GOD. In order to investigate whether the GOD molecular structure was destroyed by this adsorbing modified method, the GOD-CNTPME was immersed in 6 M urea for 45 s. The result shows that after being immersed in 6 M urea, the redox peak potential shift positively by 30 mV, indicating that the redox process is easier after GOD-CNTPME being 2.3RT ---- immersed in 6 M urea. This result can be attributed to the fact that the detached FAD can exchange electrons with the CNT electrode more conveniently, which implies that it should have a bigger value of the heterogeneous electron transfer rate constant (k′). In order to prove this assumption, k′ was calculated according to the above method. It was found that α is 0.51, and k′ is 2.06 ± 0.03 s -1 , which is certainly bigger than 1.61 ± 0.03 s -1 , before being immersed 6 M urea. The results indicate that GOD-CNTPME has a different redox performance compared with the detached FAD. According to Chi's results, 14 these are because GOD adsorbs onto the CNT surface in the holoenzyme form and extends to an unfolded structure; FAD is still kept in GOD, but is gradually exposed to the electrode surface, which results in this difference.
The surface coverage (Γ ) of GOD was calculated. It was found that Γ is 1.99 ± 0.10 × 10 -10 mol cm -2 , indicating that GOD perhaps undergoes saturated adsorption on the CNT surface. Owing to the fabrication of GOD-CNTPME, it is suggested that the adsorption of GOD onto CNT is multilayer, but only the GOD close to the surface contributes to direct electron transfer according to the surface coverage.
Further experiments show that the adsorbed GOD lost its catalyzing activity, just as occurred with other adsorbing methods. 13, 14 In conclusion, we demonstrated that GOD has a special electrochemical response at CNT. The kinetic parameters were also calculated. The results will help us to understand the intrinsic redox behaviors of enzymes.
